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The Role of Polysialic Acid in Migration
of Olfactory Bulb Interneuron Precursors
in the Subventricular Zone
Huaiyu Hu,² Henry Tomasiewicz,* acid (PSA) carbohydrate associated with NCAM (Rutis-
hauser, 1992a, 1992b) as the critical molecular element,Terry Magnuson,* and Urs Rutishauser*²
*Department of Genetics in that specific enzymatic removal of PSA from NCAM
in vivo duplicates this aspect of the mutant phenotype²Department of Neurosciences
Case Western Reserve University (Ono et al., 1994). This role of PSA may well persist in
the adult, in that migrating SVZ precursors in the adultCleveland, Ohio 44106
mouse maintain their expression of this carbohydrate
(Seki and Arai, 1993; Rousselot et al., 1995). Such a
function for PSA in promotion of cell migration is consis-
Summary tent with its proposed role in the rearrangement of mus-
cle myotubes (Fredette et al., 1994), and in the move-
Transplantation studies have been used to show that ments of growing axons in the peripheral nervous
tangential migration of olfactory bulb interneuron pre- system (Landmesser et al., 1990; Tang et al., 1992, 1994).
cursors is retarded in NCAM-mutant mice, and that In the present study, we have observed the migration
this defect reflects loss of NCAM polysialic acid (PSA). of labeled SVZ cells from newborn mice after isochronic
In contrast, radial migration of cells within the bulb did transplantation into theSVZa of a host animal. To investi-
not require PSA. Reciprocal transplantations between gate the effect of the NCAM-mutation on the migration
wild-type and mutant mice have revealed that the mu- process, all host/donor combinations of wild-type and
tation affects the in vivo migration environment in the mutant mice were examined. The results indicated that
subventricular zone, and not movement of individual mutant cells can migrate in a wild-type environment, but
cells. However, in vitro migration of the cells into a that wild-type cells cannot migrate in a mutant host.
PSA-negative collagen matrix environment was also This surprising observation led us to carry out in vitro
PSA-dependent. The surprisingly similar results ob- migration studies designed to reveal both the impor-
tained in the in vivo and in vitro environments is consis- tance of the environment and the nature of the migration
tent with the observation that migration of subventric- process. The combined in vivo and in vitro findings sup-
ular cells occurs as streams of closely apposed cells port the hypotheses that SVZ cells use each other as
in which the PSA-positivecells appear to serve as their their migration substrate (Rousselot et al., 1995), and
own migration substrate. that PSA is critical in the regulation of this cell-cell inter-
action during cell translocation.
Introduction
Results
During development of the rodent olfactory bulb, the
Our previous descriptions of the olfactory bulb defectlong projection neurons, mitral cells, and tufted cells are
in NCAM and PSA-deficient mice have utilized standardgenerated prenatally, whereas most of the interneurons,
histological analyses, primarily a characterization of thegranule cells, and periglomerular cells are generated
number, shape, and position of cells. These indirectpostnatally (Altman and Das, 1966; Hinds, 1968a,1968b;
analyses were then used to propose that the perturba-Bayer, 1983). Some of the interneurons are generated
tion involves changes in cell migration. To provide directlocally in the subventricular zone (SVZ) of the olfactory
evidence that migration is involved, and more impor-bulb, but most interneuron precursors are generated in
tantly, to examine the mechanism of the perturbation,the SVZ near the anterior horn of the lateral ventricle
we now use an approach involving localized injection(SVZa, Luskin, 1993). These precursors migrate tangen-
of fluorescence-labeled SVZ cells and observation oftially to the olfactory bulb through a distinct rostral path-
their translocation from that site.way within the SVZ, and then proceed radially to occupy
thegranule celland glomerular layers, becominggranule
cells and periglomerular cells. This neurogenesis occurs Loss of NCAM or PSA Blocks Tangential
Migration of Transplanted SVZ Cellsmainly within the first 3 weeks of life in the rodent, al-
though some neurogenesis continues into adulthood to the Olfactory Bulb
SVZ cells from wild-type and mutant P3 animals were(Kaplan and Hinds, 1977; Corotto et al., 1993; Lois and
Alvarez-Buylla, 1994). isolated, labeled, and implanted into the SVZa of wild-
type and mutant P3 hosts, respectively. ParasagittalAlthough the route and timing of tangential migration
in the SVZ during development is well described, its sections were made todisplay the distribution of labeled
cells throughout the migration pathway from the SVZacellular and molecular basis remains largely to be deter-
mined. Recently the phenotype of NCAM-mutant mice, to the olfactory bulb, 7 days after implantation. In the
wild-type-to-wild type transplantation (n 5 15), the im-which includes a small olfactory bulb (Tomasiewicz et
al., 1993; Cremer et al., 1994) and a distorted cell distri- planted cells were found to have occupied the entire
tangential migration route from the implantation site tobution in the SVZ (Tomasiewicz et al., 1993; Ono et
al., 1994), has indicated that the neural cell adhesion the olfactory bulb (Figure 1A), and many cells that had
reached the core of the olfactory bulb then migratedmolecule (NCAM) is critical to the tangential migration
process. Further studies have identified the polysialic radially into the granule cell and glomerular cell layers
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Figure 1. Migration of DiI-Labeled P3 SVZ
Cells That Had Been Implanted into a P3 Host
SVZa
The distribution of cells shown was observed
7 days after implantation. (A), (C), and (E) are
parasagittal sections; (B), (D), and (F) are
higher magnifications of a portion (see box
in [A]) of the olfactory bulb.
(A and B) Labeled wild-type SVZ cells in a
wild-type host showing extensive migration
toward (arrow in A) and into the bulb.
(C and D) Labeled mutant cells in a mutant
animal, showing little migration.
(E and F) Labeled wild-type cells in an endo
N-treated, wild-type host, showing little mi-
gration. Abbreviations: CC, cerebral cortex;
OB, olfactory bulb; SVZ, subventricular zone;
GCL, granule cell layer; MCL, mitral cell layer.
Scale bar represents 250 mm for (A), (C), and
(E), and 50 mm for (B), (D), and (F).
(Figure 1B). The cells still migrating in the SVZ pathway bulb of mutant animals is caused by a defect in cell
migration.displayed the typical morphology of SVZ migrating cells
(data not shown) (Kishi, 1987; Luskin, 1993; Ono et al., All studies were carried out using both DiI and green
fluorescent microspheres to label the cells. With the DiI1994). In mutant-to-mutant transplantations (n 5 16)
(Figures 1C and 1D), very few DiI-labeled cells were label, it was easier to visualize whole cells; however,
the possibility existed that the dye might transfer to hostobserved in the olfactory bulb (Table 1).Thus, the behav-
ior of mutant transplanted cells in a mutant animal SVZ cells after the injection. On the other hand, the
fluorescent microspheres are less useful for scoringstrongly supports the hypothesis that the small olfactory
morphological parameters, but are reported not to be
subject to transfer to other cells (Renfranz et al., 1991).
Table 1. Quantitation of Dil-Labeled Cells in the Olfactory Bulb In fact, in all cases, at least 90% of the cells that had
After Different Transplantations migrated from the site of injection in the SVZa into the
Transplantation Mean 6 SEM layers of the olfactory bulb contained both DiI and the
fluorescent beads by confocal microscopy (see exam-Wild type-to-wild type 1688 6 193
ples in Figures 2A and 2B), and thus, we are able toMutant-to-mutant 8 6 4
Wild type-to-wild type illustrate the results in terms of the DiI label alone.
(endo N-treated) 14 6 10 Previous studies had indicated that the injection of
Mutant-to-wild type 1474 6 167 endo N (Rutishauser et al., 1985), which specifically de-
Wild type-to-mutant 7 6 4
stroys the PSA moiety of NCAM in the animal for over
Values represent the total number of labeled cells in the bulb, as 10 days, produces an effect on the olfactory bulb and
assessed from a serial series of parasagittal sections. Twelve bulbs SVZ identical to that of the NCAM mutation (Ono et al.,
were analyzed for each transplantation.
1994). When labeled wild-type SVZ cells were injected
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Figure 2. Controls to Rule Out Transfer of La-
bel from Donor to Host Cells and Confirm
Migration of Mutant Cells
The diagram indicates the position of the high
magnification fields illustrated in (A±F).
(A and B) Representative double-labeling,
with DiI (gray shading) and fluorescent mi-
crobeads (white dots) of cells that have been
implanted into the SVZ and are migrating to
the olfactory bulb (A), or have arrived at the
granule cell layer (B). The labeling by both
markers of over 90% of all cells examined
(statistically about 10% of the cells would be
expected to have no beads) indicates that the
DiI has not been transferred to host cells in
detectable amounts. Cells shown are from
wild-type SVZ and transplanted to the SVZa
of a wild-type host; the same result was ob-
tained for other transplantations.
(C±E) The fate of injected NPTII-expressing
mutant cells injected into wild-type animals
(n 5 3). These micrographs are at higher mag-
nification (due to the lower intensity of the
NPTII label) and represent 10-fold thinner
sections (in paraffin) than the DiI-vibratome
section studies in Figures 1 and 4; thus, the
density of labeled cells in the NPTII and DiI
cells is actually very similar. Note that in (C)
the injected cells have migrated from the in-
jection site (star) toward the olfactory bulb
(arrow), reach the SVZ within the bulb (D),
and then populate the granule cell (E) and
glomerular layers (F).
(G) Injection of heat-killed, fluorescently-
labeled wild-type cells into wild-type animals.
Note that the label has not left the injection
site and is not detected in the olfactory bulb.
Scale bar represents 20 mm for (A) and (B);
100 mm for (C±F); 350 mm for G.
at P3 into the SVZa of animals treated with endo N at to the olfactory bulb by this route. However, the fact
that no labeled cells reached the bulb in both the mutantP0, the perturbation of cell migration obtained (n 5 12)
(Figures 1E and 1F) was indistinguishable from that ob- and endo N-treated animals, even 7 days postimplanta-
tion, suggests that such an alternative path does notserved for the mutant-to-mutant transplantation (Fig-
ures 1C and 1D; Table 1). Again, the behavior of the DiI- contribute significantly to our results.
labeled cells in endo N-treated animals supports the
proposal that the small olfactory bulb of NCAM or PSA- Radial Migration within the Olfactory Bulb
Does Not Require PSAdeficient animals is caused by a defect in cell migration
that is dependent on PSA. However, it may be noted The second migratory phase of olfactory bulb in-
terneuron precursors involves radial translocation withinthat the effect of either endo N or of the mutation on
migration of the cells implanted in the SVZa was more the bulb, possibly along glial fibers (Rakic, 1990). Histo-
logical analysis of mutant and endo N-injected animalssevere than the histological alteration of the SVZ and
bulb as a whole, in that the bulb of both mutant and had suggested that this process may not be affected
by the absence of PSA (Tomasiewicz et al., 1993; Onoenzyme-treated animals contained about half its normal
component of cells, and some migrating cells are clearly et al., 1994). Inasmuch as few SVZa-implanted cells
reached the olfactory bulb in animals treated with endopresent in the mutant rostral SVZ (Ono et al., 1994). This
difference probably reflects the generation of precur- N at P0, it was not possible to use these animals to
evaluate the role of PSA in radial migration. To addresssors at positions more rostral than the site of injection
that are able to reach the bulb after a relatively short this question directly, labeled SVZ cells from P6 mice
were implanted into the SVZ of rostral olfactory bulb ofmigration.
The anterior horn of the lateral ventricle is anatomi- P6 mice whose PSA in the bulb had been completely
removed by an injection of endo N at P5. The distributioncally connected to the olfactory ventricle. As a few in-
jected cells occasionally leaked into the ventricle, it was of labeled cells in coronal sections of the olfactory bulb
was observed 60 hr later. In controls (Figure 3A) as wellpossible that some of them could have been transported
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significantly different for the endo N-treated animals
(163 mm 6 8 SEM; Student t test) as compared with the
controls (149 mm 6 8). Together, these results indicate
that the removal of PSA does not prevent radial migra-
tion or alter the appearance of granule cell and periglom-
erular cell precursors in the olfactory bulb.
Studies on the Mechanism of Cell Migration
Underlying the NCAM Mutant Phenotype
in the SVZ
A major goal of this study was to determine whether it
is the presence of PSA on individual translocating cells,
or in the overall SVZ environment (or both) that is critical
to movement toward the bulb. For this purpose, endo
N is not useful, as both the injected and host cells would
be affected, whereas heterologous transplantations be-
tween mutant and wild-type animals are of particular
value. If the NCAM mutation affects the intrinsic ability
of a cell to migrate, then these cells should not be ableFigure 3. Radial Migration of P6 SVZ Cells Directly Implanted into
to move in either a mutant or wild-type environment.the Olfactory Bulb at P6
Surprisingly, the number and distribution of implantedNote that in both the control (A) and endo N-treated (B) animals,
the implanted cells have migrated radially into all layers of the bulb mutant cells in a wild-type host (n 5 16) (Figures 4A
by 3 days post-implantation. The morphology of radially oriented and 4B) was found to be indistinguishable from that of
cells in the granule cell layer of control (C) and endo N-treated (D) implanted wild-type cells (Figures 1A and 1B; Table 1).
animals was very similar. Asterisks: sites of implantation. Scale bars:
Furthermore, the density, position, and morphology of(A) and (B) represent 100 mm; (C) and (D) represent 25 mm.
labeled cells in thegranule cell and periglomerular layers
was the same (compare Figure 4B with Figure 1B).
Equally remarkable was the observation that wild-typeas endo N-treated animals (Figure 3B) (n 5 5 each),
many cells migrated radially toward the more superficial SVZ cells implanted in mutant animals (n 5 16) (Figures
4C and 4D; Table 1) behaved the same as implantedlayers of the olfactory bulb. In both cases, some cells
migrated as far as the glomerular layer, while others mutant SVZ cells in the mutant (Figures 1C and 1D;
Table 1). That is, even 7 days postimplantation, very fewwere still migrating or had ceased their migration at the
granule cell layer. There were no apparent morphologi- labeled cells had arrived in the olfactory bulb. Together,
these observations suggest that PSA affects the envi-cal differences between migrating cells in the control
and enzyme-treated animals (Figures 3C and 3D). We ronment in which an SVZ cell migrates, and not the
migrating cell itself.also measured the distance of migration from the injec-
tion site of over 150 individual labeled cells, using confo- Given the nature of the results obtained, we decided
to carry out further studies to rule out any possibility ofcal images. The average migration distance was not
Figure 4. Migration of DiI-Labeled P3 SVZ
Mutant and Wild-Type Cells After Heterolo-
gous Implantation into P3 Wild-Type and Mu-
tant Hosts, Respectively
(A) and (C) are parasagittal sections; (B) and
(D) are higher magnifications of a portion of
the olfactory bulb.
(A and B) Labeled mutant cells into SVZa of
a wild-type animal, showing normal levels of
migration.
(C and D) Labeled wild-type cells in a mutant
animal, showing little migration. Stars indi-
cate the sites of cell implantation. Abbrevia-
tions: CC, cerebral cortex; OB, olfactory bulb;
SVZ, subventricular zone; GCL, granule cell
layer; MCL, mitral cell layer. Scale bar repre-
sents 250 mm for (A) and (C) and 50 mm for
(B) and (D).
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dye or bead transfer to host cells. Because the transgene PSA-negative cells either in vivo (between nerve and
muscle; Landmesser et al., 1990), or in vitro (betweenNeomycin phosphotransferase II (NPTII) was used to
create the NCAM mutation, we could also examine wild- nerve and glial cells; L. Landmesser and U.R., unpub-
lished data), and the synthesis of PSA is known to occurtype animals injected with mutant cells for the presence
of NPTII-positive cells along the pathway and in the within the cell (Alcaraz and Goridis, 1991).
olfactory bulb. Although the NPTII label is less intense
than DiI, and therefore only observable at high magnifi- Effects of PSA Removal on Migration of SVZ
Cells into a Collagen Matrixcation, NPTII immunoreactive cells were found in sec-
tions not only from the injection site, but along the migra- To examine the migration behavior of SVZ cells indepen-
dent of their environment, P1 SVZ explants were cul-tion pathway and within the olfactory bulb (Figures 2C
and 2D), including the granule cell and glomerular layers tured in a collagen matrix. The tissue and cells in these
cultures maintained their high levels of PSA expression,(Figures 2E and 2F). Furthermore, no NPTII immunoreac-
tive cells were found in the olfactory bulb contralateral and endo N was effective in removing all PSA immunore-
activity (Figures 5A and 5B). Within 24 hr of culture,to the injection site, and when heat-killed cells were
injected into wild-type animals, neither DiI or fluorescent many cells migrated out of the explant and into the
collagen gels (Figure 5C). Endo N was then incorporatedbeads were found to have left the injection site (Fig-
ure 2F). into the culture medium to test whether PSA removal
from the SVZ cells would affect their migration into theAnother possible caveat to these results might be a
transfer of NCAM (with or without PSA) from the host PSA-negative matrix. From the in vivo results, it might
have been expected that the PSA-dependent effectscells to the donor cells, or an alteration of donor cell
NCAM by host enzymes. However, we have never seen described in vivo would not be observed in a PSA-nega-
tive collagen environment. However, the endo N-treatedevidence of such a transfer between PSA-positive and
Figure 5. Cell Migration from SVZ Explant Cultures in Collagen Gels
P1 SVZ explants were embedded into collagen gels and cultured for 24 hr. (A), (C), (F), (I), (J), and (L) are control cultures; (B), (D), (G), and
(K) are cultures containing endo N; (E) and (H) contain mutant explants.
(A) Confocal image of staining for PSA.
(B) Removal of PSA by endo N.
(C) Phase contrast images of migrating cells.
(D) Inhibition of cell migration by endo N.
(E) Phase contrast image of mutant explant.
(F±H) Propidium iodide fluorescence of wild-type, endo N-treated, and mutant explants, respectively.
(I and J) Higher magnifications of migrating cells visualized by fluorescence staining for NCAM and showing the presence of migrating streams
of closely apposed cells.
(K) The migration seen in (I) is inhibited by endo N.
(L) Staining of all cells with TuJ1.
Scale bars: (A±D) and (E±H) represent 100 mm; (J) represents 15 mm; (I), (K), and (L) represent 40 mm.
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migration became apparent. That is, single isolated cells
seldom migrated into the collagen, whereas streams
of closely-apposed PSA-positive cells, similar to those
previously described for SVZ cells in vivo (Seki and Arai,
1993; Rousselot et al., 1995), rapidly penetrated into the
collagen matrix. Thus, it would appear that migration of
the SVZ cells in collagen is cooperative, with the cells
using each other as a substrate for migration. It was
also possible that other cell types might be present in
the cultures that could serve as guides for the SVZ cells,
namely differentiated neuronal or glial cell processes.
However, staining of the cultures with antiGFAP or anti-
vimentin to detect glial cells, and antineurofilament 160
or antineurofilament 200 to detect neuronal processes,
did not reveal the presence of any such cell types or
structures within the migrating streams (data not
shown). As a positive control, virtually all the cells did
stain with the monoclonal antibody TuJ1 (Figure 5L),
which recognizes a class-III b-tubulin that marks early
stages of neuronal differentiation (Lee et al., 1990; Men-
ezes and Luskin, 1994).
Discussion
The present study provides definitive and direct evi-
dence that the olfactory bulb phenotype in NCAM-
mutant mice involves a defect in cell migration, and that
this defect reflects specifically the absence of the PSA
associated with NCAM in the SVZ migration pathway.
More importantly, an approach using a variety of heterol-
ogous (mutant vs. wild-type) and heterotopic trans-
plantations of olfactory interneuron precursors, together
with in vitro studies, has led to insights into the nature
of this form of tangential cell migration and provides a
basis for explaining how loss of PSA might lead to the
migration defect.
The remarkable finding that a mutant cell in a wild-Figure 6. Quantitation of Cell Migration in Propidium Iodide-Stained
type SVZ can move toward the olfactory bulb, but thatCultures
a wild-type cell cannot migrate in a mutant SVZ, pro-(A) Endo N-treated and mutant explants exhibit fewer migrating cells
vided a clue that the mutation is not cell autonomousthan wild-type explants. The mean 6 SEM for wild-type, mutant,
and endo N cultures were: 585 6 54, 68 6 9, and 37 6 5, respectively and that the particular migration environment of the SVZ
(p < 0.001, chi-square analysis). is more critical in generation of the mutant phenotype.
(B) Wild-type cells migrate further than endo N-treated and mutant How then would one explain why PSA seems to be
cells. The mean distance 6 SEM for wild-type, mutant, and endo N
required for efficient, long-distance migration of olfac-cultures were 90.5 6 2.6, 22.5 6 1.1, and 23.0 6 1.0 mm, respectively
tory precursors into a PSA-deficient collagen gel? An(p < 0.001).
attractive explanation of this result can be found in ob-
servations of the cellular details of the migration pro-
cess. In both our in vitro studies of the developing SVZ,cultures (n 5 40) consistently had far fewer cells migrat-
ing into the collagen (Figure 5D) as compared with con- and the in vivo description of PSA-positive SVZ cells in
the adult animal (Seki and Arai, 1993; Rousselot et al.,trols (Figure 5C). The same decreased level of migration
was observed for cultures of mutant SVZ (Figure 5E; 1995), the migration of the neuronal precursors appears
as streams or chains of cells that are in close apposition,n 5 35). To provide quantitation of this effect, the cul-
tures were stained with propidium iodide so that the suggesting the presence of a guidance substrate. Al-
though the in vivo study could not rule out the influencenumber and position of nuclei could be assessed accu-
rately (Figures 5F±5H). In this analysis, the effect of the of an independent cellular or matrix pathway, it was
suggested that the SVZ cells themselves might servemutation or endo N was clearly evident in terms of both
the number of migrating cells (Figure 6A) and their dis- as their own substrate, with cells migrating over each
other to extend toward the olfactory bulb (Rousselot ettance of migration (Figure 6B).
When observing the cultures by fluorescence micros- al., 1995). With the in vitro migration, we were able to
rule out the presence of neuronal or glial processescopy using antiNCAM (Figures 5I±5K) and particularly
at higher magnification (Figure 5J), a possible explana- within the streams, and thus, only an artificial collagen
gel was being provided as a matrix.tion of the PSA dependence of this in vitro SVZ cell
Migration of Olfactory Precursors
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In our transplantation protocol, a relatively small num- et al., 1993), and as shown here, removal of PSA does
not prevent radial migration of SVZ cells that have beenber of cells were placed within the host SVZ (less than
one-tenth of the cells harvested from a single donor implanted into the bulb. Radially migrating cells guided
by glial fibers also do not exhibit a fan-like growth conesSVZ), so that when they began to move away from the
injection site, they were likely to have become diluted (Rakic, 1972; Rakic et al., 1974), and the average migra-
tion rate for an olfactory interneuron in the SVZ is 20±30out and separated by host cells. This dilution is in fact
confirmed by the dispersed distribution of the NPTII mm/hr (Luskin et al., 1994, Soc. Neuroscience, abstract;
Lois and Alvarez-Buylla, 1994), as compared with 4±5marker for the mutant cells. Therefore, with the model
posed above, it is reasonable to expect that if an injected mm/hr for the radial migration of cortical and cerebellar
neurons (Rakic, 1974; Fujitaet al., 1966). This clear differ-mutant cell associates with an actively-moving stream
of wild-type host cells, then it may well be towed along. ence between the two types of cell migration would be
consistent with the proposal that they are fundamentallyConversely, if an injected wild-type cell associates with
a group of PSA-negative mutant host cells that are un- different mechanisms, one being based on the presence
of a preexisting glial guide, and the other occurring viaable to migrate in this fashion, then it, too, will not be
able to move very far. The case of the in vitro results is a cooperative streaming of closely-associated cells.
also easily explained, in that the migrating stream can
generate its own migration environment even within a
Experimental Proceduresdefined collagen matrix, and without the assistance of
glial or axonal processes. Animals
An alternative possibility would be that the mutation Wild-type animals used in this study were the CF-1 strain obtained
and endo N treatment each affect interaction of the from Charles River Laboratories (Wilmington, MA). The NCAM-180
mutation on a CF-1 background has been described previouslycells with extracellular matrix components that might
(Tomasiewicz et al., 1993). Endo N injection (1 ml) into the lateralbe shared by the in vivo and culture environments. How-
ventricle at P0 or P5 was carried out as described previously, withever, the fact that specific enzymatic removal of PSA
one injection of enzyme specifically destroying PSA throughout the
from NCAM with endo N mimicked the mutation both brain for over 10 days (Ono et al., 1994). The effectiveness of the
in vivo (Ono et al., 1994) and here in vitro, argues that enzyme was confirmed after each experiment by immunohistologi-
the migration defect is intrinsic to PSA and does not cal staining of the brain for PSA.
involve a direct or indirect effect of the mutation on
extracellular matrix. Furthermore, the fact that the muta-
Isolation, Labeling, and Implantation of SVZ Cells
tion is not cell autonomous suggests that the reduced Brains from newborn mice were embedded in 5% low melting point
migration produced by removal of PSA does not reflect a agarose prepared in Hank's Balanced Salt Solution (HBSS), and 400
mm coronal sections were cut from the olfactory bulb to the anteriorchange in the intrinsic ability of a cell to use extracellular
horn of the lateral ventricle with a vibratome (Ted Pella Incorporated,matrix as a substrate.
Redding, CA). Tissue from well within the boundaries of the SVZ inThe leading cell probably requires some additional
each section was dissected and treated with 0.25% trypsin, 0.1%environmental support and/or a chemotactic signal to
DNase I at 378C for 10 min. The trypsin solution was replaced with
extend its process toward the bulb, but as in the exten- Dulbecco's Modified Eagle Medium (DMEM-F12; GIBCO BRL,
sion of axons over each other to form a fascicle, there Gaithersburg, MD) supplemented with 10% fetal bovine serum
(Sigma Chemical, St. Louis, MO). The sections were then trituratedmay be a tendency of the ensemble to extend forward
with a fire-polished Pasteur pipette to separate the cells. The cellsin a concerted and generally straight path. The parallel
in suspension were labeled with green fluorescent microspheresbetween SVZ cell migration and axon fasciculation is
(Lumafluor Incorporated, New City, NY) by incubating with culturealso suggested by the fact that the behavior of axons in
medium containing a 1:400 dilution of the microsphere stock sus-
fascicles is the best-described system for PSA function. pension for 1 hr at 378C. The cells were then pelleted at 100 3 g
Namely, when PSA is present on axons, they exhibit the and washed with HBSS three times. The cells were labeled with diI-
C18-(3) by incubating with culture medium (DMEM-F12) containingability to make and break contacts to allow pathfinding
10 mg/ml of diI for 15 min at 378C. The double-labeled cells wereor targeting choices (Landmesser et al., 1990; Tang et
washed three times with HBSS and resuspended to 107 cells/ml.al., 1992, 1994). When this PSA is removed, the fibers
Approximately 105 cells were obtained from each animal, with aremain firmly associated with each other and do not
viability of over 90%.
respond normally to environmental cues. With SVZ cells To implant cells into the SVZa of P3 animals, a stereotaxic device
in vitro, it may well be that loss of PSA prevents cells (Stoelting, Wood Dale, IL) and a picospritzer (General Valve Corpora-
from escaping the explant or from using each other tion, Fairfield, NJ) were used to inject 104 cells with a pulled capillary
needle at coordinates 3 mm anterior to the lambda, 0.8 mm lateralalternatively as a substrate; in vivo PSA might also pro-
to the midline, and 1.5 mm below the skull. Each injection groupmote the free extension of leading processes toward a
included 12 or more animals. To inject cells into the olfactory bulbguidance cue. In this respect, it may be recalled that the
directly, P6 animals were used to improve survival. The injection
leading process of migrating SVZ cells, as with growing coordinates were 0.9 mm lateral to the midline, 0.7 anterior to the
axons, is tipped by fan-like growth cone (Luskin, 1993; cerebral vein, and 1.0 mm below the skull.
Kishi, 1987), and the number of SVZ cells exhibiting After the appropriate survival interval (see Results), the animals
were sacrificed by intracardial perfusion with 4% paraformaldehydegrowth cones is reduced in the mutant or after removal
in 0.1 M phosphate buffer (pH 7.4). The brains were removed andof PSA (Ono et al., 1994).
postfixed overnight with the same fixative. Two hundred mm para-In contrast to this similarity to fascicle growth is the
sagittal sections were cut with a vibratome and mounted in glycerol.
radical difference between tangential and radial migra- Photographs of migrating cells were made on a Nikon Optiphot
tion of neuronal precursors. The NCAM mutation ap- epifluorescence microscope using Ektachrome P1600 film (Kodak)
pears to have little effect on formation of layers in the or a Bio-Rad MRC-600 laser scanning confocal imaging system with
K1 and K2 filter blocks.cerebellum, as well as the olfactory bulb (Tomasiewicz
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Tissue Culture J.,Brown, R., Baldwin,S., Kraemer, P., Scheff, S., Bathels, D., Rajew-
sky, K., and Wille, W. (1994). Inactivation of the N-CAM gene in miceSVZ tissue explants (100±300m in diameter) were obtained as above
and embedded in collagen gels by incubating the tissue with a drop results in size reduction of the olfactory bulb and deficits in spatial
learning. Nature 367, 455±459.of collagenmixture for 60 min at 378C, during which time the collagen
gelled. The collagen mixture was composed of bovine skin collagen Corotto, F.S., Henegar, J.A., and Maruniak, J.A. (1993). Neurogen-
(Becton Dickinson Labware, Bedford MA) (16 parts), 10 3 DMEM/ esis persists in the subependymal layer of the adult mouse brain.
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